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Abstract—The influence of beam convergence on the photonic bandgaps, or stop-bands (SBs), of one-dimensional photonic crystals (1D
PCs) is investigated. The investigation is based on an analysis of
the gap map obtained from reflection spectra, calculated by the
transfer matrix method for various angles of light incidence, ϕ, and
polarisations. The calculated data is compared with reflection spectra
taken using Fourier Transform Infrared microspectroscopy. It was
found that the introduction of the parameter, ∆ϕ to account for the
focused light beam, for angles up to 20◦ , has little effect on the first,
or lowest SB and the SBs adjacent to it. However, an increase in the
order of the SB causes an increase in the influence of this parameter.

1. INTRODUCTION
Recent advances in micro and nano-structuring technologies allow
enormous flexibility in choice of material composition, lattice
periodicity and symmetry of the periodic arrangements in photonic
structures. These techniques allow the fabrication of one-, twoand three-dimensional Photonic Crystals (PCs) operating over a wide
spectral range. For example, a PC with typical dimensions of the order
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of millimetres can be used for the manipulation of microwave radiation,
while a PC with micron scale dimensions can be used to control
radiation in the infrared range [1, 2]. Silicon is a particularly attractive
optical material due to its transparency in the Near Infrared (NIR)
range, spanning the 1.3 and 1.55 µm telecommunication wavelengths,
as well as the middle-infrared and long-wave infrared (or far-infrared)
ranges up to 100 µm [3]. In addition, the development of in-plane
light emitters and other microphotonic elements based on single crystal
Si has allowed the practical realisation of all-silicon optoelectronic
circuits [4, 5].
In order to tailor the properties of photonic crystals to optimise
them for various applications, an understanding of their optical
properties is of crucial importance. Photonic crystals exhibit a number
of Photonic Band-Gaps (PBGs) or Stop-Bands (SBs), where the
propagation of electromagnetic radiation is forbidden [1]. Despite the
fact that the lowest stop-band is generally the most robust in terms of
its optical properties, the use of higher order stop-bands is suggested
in proposals made for photonic devices recently [6, 7].
The optical properties of PCs, fabricated by various techniques,
are typically investigated by spectroscopy, using spectrophotometers
over a wide spectral range, from the visible to the far-infrared range
(see, for example [8, 9]), or systems comprising an Optical Spectrum
Analyser (OSA) with optical fibre coupling [7, 10].
When using a spectrophotometer, it is extremely difficult to
obtain measurements from a PC element on the chip, parallel
to the chip’s substrate, since this requires removal of the sample
from the chip. Nevertheless, a number of investigations have been
performed on photonic elements integrated into a Si chip, using
Fourier Transform Infrared (FTIR) spectrophotometers combined with
infrared microscopes (see, for example Refs. [11–13]).
In the studies cited above, as well as in experiments where optical
fibres are coupled with an OSA, converging optics are required to study
micro objects. Since the incident light beam is focussed, disagreement
between the experimental and calculated optical characteristics can be
expected, since calculations typically assume that unfocused beams are
used.
In this study, we investigate how beam convergence influences the
position and shape of SBs in the optical spectra of 1D PCs based on
‘Si-Air’. We calculate the spectra obtained for different convergence
parameters and compare the results obtained with experimental data
registered using FTIR microspectrometry.
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2. CALCULATION OF REFLECTION SPECTRA OF 1D
PC USING A MODEL INCORPORATING A
CONVERGING LIGHT BEAM
Let us start by calculating the reflection spectra, R, for an unfocused
beam of light at normal incidence, ϕ = 0◦ , and for ϕ = 15◦ and 30◦ . A
schematic diagram of the periodic structure of the 1D PC (Si-Air) used
in these calculations, is presented in Fig. 1(a). The number of periods,
m = 4. The refractive index, nSi , for the high index component (H)
is taken to be 3.42, the mid-IR value for Si [14]), while the refractive
index for air, the low index component (L), is nair = 1. Calculations
of the reflection (R) and transmission (T ) spectra of this structure are
performed using the Transfer Matrix Method [15]. The incoming and
outgoing media are air, with a refractive index of n = 1.

(a)

(b)

Figure 1. (a) Schematic diagram showing light reflection from a 1D
PC (layered structure) based on “Si-Air”, with number of periods, m =
4, for calculation of reflection and transmission spectra; (b) Reflection
spectra (in p-polarisation) for a specific angle of light incidence ϕ,
shown by the numbers beside the curves in degrees.
Figure 1(b) shows the p-polarized reflection spectrum, R, at a
normal incidence of light, denoted as 0, and at ϕ = 15◦ and 30◦ ,
denoted as 15 and 30, respectively. The calculation is done for a filling
fraction fH = dSi /a = 0.23, corresponding to a quarter wavelength
optical thickness for both components. Here, dSi is the geometrical
thickness of the Si layers and a is the lattice constant of the periodic
structure. The electric vector of the incident light is parallel to the
plane of incidence for p-polarized light. Wavelength values, λ, are
shown in units of normalized frequency, a/λ, on the X-axis. From
Fig. 1(b), for oblique incidence, the p-polarized spectra are blueshifted.
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For the 1st and subsequent SBs, the impact of an angle of incidence
of ϕ = 15◦ on the spectrum is not large, while for ϕ = 30◦ it is
considerable. As the order of the SBs increases, the impact of changing
the angle of incidence to ϕ = 30◦ is greater, leading to a significant
shift of SBs from their original position, taken at ϕ = 0◦ .
An FTS 6000 FTIR spectrometer, in conjunction with a UMA-500
IR microscope, was used for the experimental investigations of 1D PCs.
The microscope objective (see Fig. 2) contains two lenses, M1 and M2.
If the objective is operated in reflection mode, the incident light falls
on half of lens M1 and reflects off it, forming a divergent beam. This
divergent beam returns by reflection off the other halves of lenses M2
and M1 before reaching the detector. Because of the construction of
the objective, the light beam converging on the object is in the shape
of a truncated half-cone (Fig. 2(b)). This shape is due to the fact that
light with an angle of incidence close to the normal is not collected.

(a)

(b)

Figure 2. (a) Schematic of the beam path in IR microscope, showing
mirrors M1 and M2 during measurements of reflection spectra R;
(b) Shape of incident and reflected light, as truncated semi-cone
volumes.
From Fig. 2(b), we use a converging beam model, comprising a set
of beams with angles of incidence ϕ. Let us restrict this set of angles
using two parameters: the minimal and maximal angles of incidence,
ϕ1 and ϕ2 , respectively (Fig. 2(a)). The range of angles between them,
∆ϕ = ϕ1 ÷ ϕ2 , is the parameter describing the convergence. We divide
the range of converging ∆ϕ into specific angles of incidence, ϕ, with
a step size of δϕ = 1◦ . For each of these angles, we calculate the
reflection spectra Rϕ (λ). Finally, we average the spectra obtained,
assuming that all of the angles of incidence contribute equally to the
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average spectrum R∆ϕ (λ), according to the following expression (1)
ϕ1
1X
Rϕ (λ)
R∆ϕ (λ) =
k

(1)

ϕ2

where the number of selected angles, k = ∆ϕ/δϕ. Let us introduce
two types of focused light beams: one with ϕ1 = 5◦ and ϕ2 = 20◦ ,
and the second with ϕ1 = 10◦ and ϕ2 = 30◦ . In the first case, the
number of distinct angles, k, for averaging the spectra Rϕ (λ) is 16,
while in the second case it is 21. Note that in the second case, the
convergent beam is more intense. As mentioned earlier, because of the
geometry of the setup, in both cases angles close to normal are absent.
A schematic diagram of the light cones incident on the PC for the
two selected ranges of angles ∆ϕ = 5–20◦ and ∆ϕ = 10–30◦ is shown
in Figs. 3(a) and 3(b). In Fig. 3(c), reflection spectra calculated for
normal incidence, as well as for ∆ϕ = 5–20◦ and ∆ϕ = 10–30◦ , are
shown.

(a)

(b)

(c)

Figure 3. Model of focused beam in the range ∆ϕ = (a) 5 ÷ 20◦ ,
(b) 10 ÷ 30◦ ; (c) p-polarized average spectrum R∆ϕ (λ) calculated
using models in Figs. 3(a) and 3(b). The numbers beside the spectra
correspond to the range of angles ∆ϕ in degrees.
From Fig. 3(c), bands with High Reflection (HR), with the
exception of the first HR band, are deformed compared to those
obtained using normal incidence of light. For ∆ϕ = 10–30◦ , the shape
of the HR bands, starting with the 3rd band, are deformed from a
Π-type shape with a flat maximum to one with an irregular maximum.
This is expected, since an increase in the angle of incidence ϕ leads to
a narrowing of the HR bands, mainly due to the significant blue shift
of the red edge of the SB at oblique incidence of light. Moreover, in an
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averaged spectrum R∆ϕ (λ) (Fig. 3(c)) a smoothing of the interference
oscillations between the HR bands is apparent, due to the summation
of these narrow interference bands for different incident angles. This
smoothing effect increases with an increase in the HR’s order.
Clearly, convergence in the probe beam deforms and shifts
the HRs, and the effect increases with an increase of the HR’s
order. The next step was to explore these effects using a gap map
presentation [1]. A map of the stop-bands can be calculated over a
wide range of the filling fractions, f , from 0 to 1 [16]. It is worth
noting that, in this system, practically the entire range of filling
fractions can be achieved technologically. The advantages of the
gap map approach have been demonstrated in our previous studies,
looking at the design of a variety of one-dimensional (1D) PCs,
including disordered [17], composite [18], omnidirectional [19], threecomponent [20] and resonator [21] structures.
3. INVESTIGATION OF INFLUENCE OF LIGHT BEAM
CONVERGENCE USING A GAP MAP APPROACH
In our calculations of the PBGs gap map, we used over 100 values of the
parameter fSi in the range 0.01 to 0.99. From the calculated R spectra,
values of a/λ satisfying the condition Rcutoff > 0.99 are selected and
plotted on a graph with coordinates of fSi versus a/λ. The PBG map
obtained is presented in Fig. 4, from which the main (or 1st) SB and a
number of SBs of high order, labeled 1 to 49, and others, are observed
for p-polarized light (see Fig. 1). The numbers of SBs on the map are
variable, because some SB areas may not show up in the spectrum,
depending on the filling fraction. Therefore, the number of SBs on
the map is different from the number of high reflection bands in the
spectrum R. The areas of p-polarised SBs for two converging beams
with parameters ∆ϕ = 5 ÷ 20◦ and ∆ϕ = 10 ÷ 30◦ are also shown in
Fig. 4.
Figure 4 shows how the areas of SBs for the focused beam change
on the map with an increase in the SB order. As the order of SBs
increase, a shift in the the red edge of the SBs is observed for all
filling fractions. As explained earlier, this is related to the influence
of high angle incident beams on the calculation of the average R∆ϕ (λ)
spectrum.
Therefore, by analyzing the SB map, we can predict the influence
of light beam convergence on the SBs and, consequently, on the HR
bands in the reflection spectrum. In some cases this influence is
insignificant, while in others it may cause the deformation of SBs when
compared with an unfocused beam at normal incidence of light.
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Figure 4. Maps of the photonic band-gap areas of a 1D PC comprising
a periodic Si-Air structure with m = 4, calculated for normal incidence
of light (∆ϕ = 0, black line) and for p-polarized beams with focusing
parameters of ∆ϕ = 5 ÷ 20◦ (red line) and ∆ϕ = 10 ÷ 30◦ (green line).
The horizontal dashed lines crosses the SB areas of PCs with specific
filling fractions, for example fSi = 0.23 for λ/4-layers.
4. EXPERIMENTAL EVALUATION OF THE INFLUENCE OF THE CONVERGENCE OF THE LIGHT BEAM
ON THE SBS
For this study, 1D PC structures were fabricated using optical
lithography and anisotropic etching. Anisotropic chemical etching was
used for microstructuring of the (110) Si [13], because this technology
generates high quality, mirror-like, Si side-walls, resulting in excellent
infrared spectra. Thermally grown silicon dioxide was used as a mask
when etching the wafers. The etching depth, and therefore, the wall
height of the Si-air periodic structures (Fig. 5) varied from 20 to 50 µm.
The etch depth is dictated by the size of the IR microscope
aperture used in the characterization setup. In our case, the microscope
was combined with an FTIR FTS 6000 spectrometer in reflection, R,
mode in the wavenumber range ν = 650–6500 cm−1 (wavelength λ =
1.5–15 µm) [13]. A gold coated glass slide was used as a 100% reflection
reference. For polarized infrared measurements, with the focused light
beam incident normal to the sample surface, the electric vector of the
incident light is aligned with the Si grooves for E-polarized light, while
for H-polarized light the electric vector is aligned along the depth
direction of the grooves, as shown in Fig. 5. Therefore, the E-polarized
light corresponds to s-polarization while the H-polarized light to ppolarization. The experimental spectra R have been normalized and
are scaled in arbitrary units (a.u.) due to the influence of the shading
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Figure 5. SEM image of a 1D PC with an inter-digital design. The
number of periods, m = 6, and the images shows the directions of the
electric field vectors, for E- and H-polarization, of the incident light.
effect of the Si substrate [13].
According to Ref. [14], nSi in the mid-infrared spectral range
is ∼ 3.421, while in the near-IR range it increases to nSi ∼ 3.45
(Fig. 6(a)). Since both spectral ranges are covered in our experiments,
it was necessary to identify the effect of nSi dispersion on SB shift
during our calculations. So, we performed the calculation using a
constant value of nSi = 3.421, as well as doing the same calculation
taking into account the dispersion of nSi (ν). Reflection spectra for the
a/λ
1.0

0.5

1.5

2.0

nSi

3.48

2.5

n si = f (ν)

3.46
3.44

(a)

n Si = 3.421
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1.0

(b)

R

0.5
1.0

(c)
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5000

6000
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Figure 6. (a) Dispersion of the refractive index nSi (ν) from Ref. [14]
and the reflection spectra, R calculated with (red thin line) and without
(black dotted line) dispersion of nSi for a 1D PC based on a Si-Air
structure. The lattice constant, a = 4 µm, and the number of periods,
m = 6. The filling fraction, (b) fSi = 0.23 and (c) 0.6 at normal
incidence of light.
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PC were calculated for two values of filling fraction, fSi = 0.23 and
fSi = 0.6, at normal incidence of light and are presented in Figs. 6(b)
and 6(c), respectively. It is evident from these figures that a significant
shift of the SB edges for both filling fractions begins to appear for
ν > 5000 cm−1 (λ < 2 µm). Thus, given that our measurements cover
the near-IR spectral range, where all the high order SBs are located,
all subsequent calculations for fitting the experimental spectra were
performed taking into account refractive index dispersion.
For experimental verification of the theoretical results, two
samples with different fSi values, namely 0.6 and 0.18, were selected.
The first 1D “Si-air” photonic crystal selected had 6 periods, a lattice
constant of a = 4 µm and a sufficiently large filling fraction, fSi = 0.6,
to minimize any possible impact of thickness inhomogeneities in the
Si walls [17]. Fig. 7(a) presents measurements of E-and H-polarized
R spectra for this sample, exhibiting a large number of pronounced
bands of high reflection across the entire spectral range from 650 to
0.8
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Figure 7. (a) Polarized experimental reflection, E-, and, H-, spectra
of a 1D PC, based on a Si-Air structure. The lattice constant,
a = 4 µm, the number of periods, m = 6, the filling fraction, fSi = 0.6
and the refractive index of the incoming and outgoing media, n = 1;
(b), (c) Calculated spectrum (dashed line) for normal incidence of
light (unfocused beam), fitted to the experimental E-spectrum (thick
black line taken from the graph (a)), and p-spectra calculated using
a model of a focused beam for (b) ∆ϕ = 5 ÷ 20◦ (thin red line) and
(c) ∆ϕ = 10 ÷ 30◦ (thin green line).
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6500 cm−1 . The E- and H-spectra are almost identical, indicating the
absence of anisotropy in the properties of the periodic structure, as
expected in 1D PCs of this type. This effect is general, that is, it
was observed in all our measurements. So, subsequent comparisons
with the calculated spectra were carried out for the E-polarized
experimental spectra only.
Figure 7(b) shows the calculated spectrum R for the unfocused
beam, the dashed line, fitted to the experimental spectrum, the
thick black line. Fitting parameters of dSi = 2.38 µm and dair =
1.62 µm were used. Given that the lattice constant a = 4 µm, the
PC parameters obtained correspond to a value for the filling fraction
of fSi = 0.6. The positions of the HR bands in the calculated and
experimental spectra are generally in good agreement, as are the gaps
between them. This suggests that there are no significant thickness
inhomogeneities in the fabricated structure. In the experimental
spectra, shown in Fig. 7(a), the tendency of the shape of the HR bands
to deform, from a Π-type to bands having an approximately triangular
shape, as the wavenumber, ν, increases is clear. A similar trend was
noted in the data presented in Fig. 3, when beam convergence was
introduced, suggesting that beam convergence is the source of this
deformation.
Reflection spectra calculated taking into account beam focusing
for ∆ϕ = 5 ÷ 20◦ for p- and s-polarizations are identical, therefore, in
Fig. 7(b), only one p-spectrum is shown. The experimental E-spectrum
is also shown on the same graph. Spectra calculated for focused and
unfocused light beams are practically coincident over the entire spectral
range, with the exception of ν = 3000–3800 cm−1 . Two numbers are
shown for each HR band in Fig. 7(b). The top number is the sequence
number of the SBs in the spectrum, while the number in brackets is the
number of the SBs on the map. Two bands (HR-6 and HR-7) are seen
in the spectral range ν = 3000–3800 cm−1 in which the position of the
red edge of the bands is very different. It is clear that the experimental
spectral bands, HR-6 and HR-7, are strongly suppressed in comparison
with the calculated HRs for the unfocused beam.
If we transform the values of ν on the x-axis to units of a/λ,
as shown in the upper x-axis scale in Fig. 7, we can compare it to
the SBs shown in Fig. 4. Let us explore how the line for the value
of the filling fraction fSi = 0.6 crosses the SBs, in order to reveal the
corresponding HR bands in the reflection spectrum. The absence of the
first SB is because it is, from Fig. 4, in the range 0.2–0.25 of a/λ, which
corresponds to a spectral range of λ from 20 to 23 µm (or ν range from
500 to 430 cm−1 ). Therefore, this band is outside the spectral range
measured by our spectrometer (650–6500 mm−1 ).
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A calculated p-spectrum, with beam focusing in the range ∆ϕ =
10 ÷ 30◦ , is shown in Fig. 7(c). First, the calculated band HR-7 is
suppressed, as in the experiment. Secondly, in the p-spectrum, the HR8 band demonstrates a more dramatic shift of the red edge, compared
to the p-spectrum for ∆ϕ = 5 ÷ 20◦ , and even more so with the
spectrum for ∆ϕ = 0. Also, the calculated HR-8 band is similar in
shape to the experimental band HR-8.
In order to clarify this behaviour, let us select and magnify a
portion of the map of Fig. 4 and superimpose it on fragments of the
spectra from Figs. 7(b) and 7(c) in the spectral range corresponding
to the bands HR-5÷HR-9 in the R spectrum. By doing this, we obtain
Fig. 8. Fig. 8 shows that there are no other SB areas on the map
between SBs 16 and 17, but on the calculated spectrum the additional
HR band is visible, although it is quite narrow. We have designated
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Figure 8. (a) Detail from the map in Fig. 4 for a “Si-Air” PC. The
number of periods, m = 6, a = 4 µm and the filling fraction, fSi = 0.6;
(b), (c) Detail from the experimental E-spectrum from Fig. 7(b) (thick
black line) and the spectrum calculated for an unfocused beam for
∆ϕ = 0 (dashed black line). Spectra calculated with an unfocused
beam model are shown for (b) ∆ϕ = 5 ÷ 20◦ by the thin red line and
for (c) ∆ϕ = 10 ÷ 30◦ by the thin green line.
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this band HR-6. This can be explained by the fact that, if the PC
considered is a multiperiod structure (with m ≥ 10), then the PBG
will be extended and approach stop bands 16 and 17 (and other SBs).
In the ideal case, for an infinite PC, this effect will cause a joining
of edges of all SB areas. In this case, the HR-6 band reaches 100%
reflection in the spectrum and will expand on the map. So, we can
assume that this band is the SB, suppressed due to the small number
of periods (m = 6) used during calculations, and, therefore, identify
it with the number 16. The band HR-7 in the spectrum for normal
incidence is well formed and, therefore, appears on the SB map (SB23). When using a focused beam with ∆ϕ = 5 ÷ 20◦ the position of the
red edge of the HR-7 is blue shifted relative to this region for ∆ϕ = 0,
but some parts of this band have R close to 100%, and so it is easily
observed. But in the experimental spectrum this band is suppressed.
Increasing the focusing of the light beam to ∆ϕ = 10 ÷ 30◦ ,
causes strong deformation of the band HR-7, to the extent that is
almost totally suppressed. Bands HR-8 and HR-9 are deformed to a
lesser extent, but do exhibit a large shift in the red edge of the HRs
(Fig. 8(c)).
In the experimental spectrum, shown in Figs. 8(b) and 8(c),
smoothing of the interference fringes between the bands HR-5 and
HR-8 is observed compared with the calculated spectra for normal
incidence of light. This behavior is also observed with other SBs,
supporting the use of a focused beam model. Using this approach, we
obtained good agreement in the shape of bands HR-8 and HR-9 with
experiment. We also noted the suppression of band HR-7, which allows
to make a reasonable conclusion on the influence of beam focusing on
SBs. The model used the beam parameter ∆ϕ = 10 ÷ 30◦ for beam
convergence, considered most likely by comparison with experimental
data. It should be noted that the increase in focusing parameter, for
example to ∆ϕ = 15 ÷ 35◦ , causes a significant shift in the HR bands,
as well as band deformation. This adversely impacts the agreement
of the experimental HR bands position with the bands in the fitted
spectra obtained using this model.
In general, the impact of beam focus for a specific PC with
fSi = 0.6 has no effect on the position of the SBs, when compared
with calculations for normal incidence, with the exception of the few
SBs mentioned earlier. These SBs are more sensitive to the focused
beam, due to their location at the SB edges on the gap map.
To confirm the trends identified above, a second sample with a
lower fSi = 0.18 and a lattice parameter of a = 3 µm was investigated.
A section of the SB map for this PC is shown in Fig. 9(a), and
experimental and the calculated spectra for normal incidence of light
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Figure 9. (a) Gap-map for 1D PC (Si-Air, a = 3 µm, m = 4),
calculated for normal incidence of light beam (black dotted line) and for
p-polarized beams with beam focusing parameters ∆ϕ = 5 ÷ 20◦ (red
dotted line) and ∆ϕ = 10 ÷ 30◦ (green dotted line); (b) Calculated R
spectra, fitted to the experimental spectrum (shown by the thick black
line) at fSi = 0.18 for normal incidence of the light beam (black dashed
line) and using a model incorporating beam focusing with parameters
∆ϕ = 5 ÷ 20◦ (thin red line) and ∆ϕ = 10 ÷ 30◦ (thick green line).
and focused beams with two parameters of ∆ϕ are shown in Fig. 9(b).
Calculated spectra, obtained as a result of a fit to the experimental
data, show good agreement with the first band HR-1 to SB-1, as well
as to those of HR-3, HR-4, HR-5, to Stop-Bands SB-5, SB-9 and SB13 on the map (Fig. 9(a)). Spectra calculated taking into account
beam focusing exhibited significant edge deformation for the HR-2 (SB3) and HR-4 (SB-9) bands, compared to those calculated for normal
angles of incidence. This is because Stop Bands SB-3 and SB-9 are
situated on the map where their properties are extremely sensitive
to beam focusing. For calculated spectra, these HR bands deform
significantly as a result of the introduction of beam convergence. Their
shape is similar to those of the experimental bands, in particular, to
the bands of HR-2 and HR-4, for a focus parameter, ∆ϕ = 10 ÷ 30◦ .
The location of SB-1 and SB-5 on the map is such, that the effect of
beam focus on the deformation of their edges is not significant.
In summary, the effect of beam focusing on SB characteristics has
been experimentally investigated using reflection spectra from PCs for
two different filling factors. Good agreement is achieved for a focused
beam parameter, ∆ϕ = 10 ÷ 30◦ .
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5. CONCLUSION
In this paper, we have demonstrated that for one-dimensional photonic
crystals the impact of the beam convergence with values of ∆ϕ between
10◦ and 30◦ has no effect on the position of the SBs for the first and
nearest SBs, compared with calculations performed for normal beam
incidence, with the exception of a small number of SBs which are more
sensitive to the focused beam due to their location at the edges of
SBs on the map. For higher-order SBs and for PCs with low-value
fractions of the high refractive index component, the effect of the beam
convergence can be significant. Good agreement was obtained between
experimental reflection spectra from one-dimensional photonic crystals
with a variety of filling fractions, and calculations made using a model
incorporating a focused beam.
It is also shown that one-dimensional photonic crystals are an
effective model for the study of the influence of beam focus on the
stop-bands of photonic structures, as they have many secondary
photonic bands, which are more sensitive to beam focus. Optical
characterization of photonic structures is generally performed using
a focused beam. This study of the impact of the effect of focus
should enable an improvement of the optical quality of PCs obtained
by microstructuring of silicon. The results are applicable across a
wide wavelength range, from the visible to far-infrared, and assist
in the engineering of Si based photonic elements for use in optical
communication, integrated-optics and display technologies [22–26].
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